Recent studies in humans and chimpanzees suggest that immunity can be induced to diminish the incidence of chronic hepatitis C virus (HCV) infection. However, the immunity that promotes viral recovery is poorly understood, and whether the breadth of this adaptive immunity is sufficient to overcome the substantial intergenotype antigenic diversity represents a final obstacle to demonstrating the feasibility of vaccine development. Here we demonstrate that recovery from a genotype 1 HCV infection protects chimpanzees against infection with representatives of other genotypes that exhibit up to 30% divergence at the amino acid level, including challenges with genotype 4, a mixture of genotypes 2 and 3, and a complex inoculum containing genotypes 1, 2, 3, and 4. In each instance, the level and duration of viremia were markedly reduced in comparison to the primary infection in the same animal. The data indicate that epitopes conserved between genotypes must play an essential role in immunity. The inocula used in the rechallenge studies induced typical primary infection profiles in naïve chimpanzees. Rechallenge infections were associated with rapid increases in the intrahepatic transcripts of interferon-stimulated genes, even in animals exhibiting apparent sterilizing immunity. Protective immunity was often associated with an early increase in gamma interferon transcripts in the liver and increases in intrahepatic transcripts of Mig, a T-cell chemokine that is a gamma interferon response gene. These studies are the first to show that cross-genotype immunity can be induced to HCV, demonstrating the feasibility of developing a vaccine protective against all HCV strains.
The prevalence of hepatitis C virus (HCV) infection is 1 to 2% worldwide (2) . In the United States, HCV infection is the leading cause of liver failure and accounts for approximately 25% of all hepatocellular carcinoma cases (1) . HCV infection also has emerged as a major problem in HIV-infected persons, approximately one-third of whom are HCV coinfected (33) . Consequently, there is substantial interest in developing vaccines that might prevent viral persistence.
Since acute HCV infection is infrequently recognized in humans, much of our understanding of viral recovery derives from studies in chimpanzees, the only animal model (19, 20) . Early seminal work demonstrated that chimpanzees who recovered from HCV infection could be reinfected with the same inoculum, a finding that substantially diminished hopes for vaccine development (10, 26) . However, we and others have recently shown that these secondary infections often are attenuated and that viral recovery often occurs rapidly in association with brisk memory T-cell responses (3, 23) . Protective immunity was observed when the primary and rechallenge inocula were closely related strains or were between genotype 1a and 1b strains (3, 36) . Likewise, we found evidence of immunity that protected against viral persistence in a cohort of humans multiply exposed to genotype 1 virus (24) . Most injection drug users who had cleared their initial HCV infection remained uninfected, despite ongoing exposure, and when a subsequent infection did occur, the magnitude of viremia and frequency of viral persistence were significantly lower than in controls infected for the first time (24) .
Chronic HCV infections are associated with a narrow and weak T-cell response that allows the emergence of T-cell escape variants (9, 18, 35) . In contrast, viral clearance is associated with an early, strong, multiantigen T-cell response that probably prevents the emergence of variants with escape mutations (8, 14, 22, 31, 32) . Nonetheless, HCV has extraordinary genetic and antigenic diversity, properties along with the complexity of the viral quasispecies that have been associated with viral persistence (11, 28) . Thus, it remained unclear whether the protective immunity acquired during viral clearance would be sufficiently broad to confer protection across all HCV genotypes. Here, we demonstrate the first evidence that prior infection with genotype 1 provides protective immunity to other HCV genotypes, even when animals are challenged with a highly complex mixture containing four genotypes.
MATERIALS AND METHODS

Chimpanzees.
Chimpanzees were housed at the Southwest National Primate Research Center at the Southwest Foundation for Biomedical Research. All protocols were approved by the Institutional Animal Care and Use Committee. All inocula were obtained from patients who were negative for human immunodeficiency virus (HIV) and hepatitis B virus (HBV), and use of the sera in these studies was approved by the Institutional Review Board.
ALT, antibody and TaqMan analysis. Serum samples were collected to monitor viral RNA levels, changes in serum alanine transaminase (ALT), and antibody response to HCV proteins (ELISA Testing System 3.0; Ortho Diagnostic Systems, Raritan, N.J.). Percutaneous liver needle biopsies were taken as previously described (4) . TaqMan analysis for viral RNA in the serum and liver and hepatic interferon (IFN)-stimulated gene (ISG) transcripts was performed as previously described (4, 21) . The primers and probe for the HCV RNA assay were designed to detect all genotypes. The forward primer was from nucleotide positions 125 to 144 (5Ј-CCTICCGIGAGAGCCATAGT-3Ј), the reverse primer was from nucleotide positions 314 to 295 (5Ј-GCACTCGCAAGCACCCTATC-3Ј), and the probe was from nucleotide positions 173 to 151 (5Ј-TTCCGGTGT ACTCACCGGTTCCG-3Ј). In addition, some samples were analyzed by a transcription-mediated amplification assay (Procleix; Chiron Corp., Emeryville, Calif.) (17, 34) . The estimation of the percentage of infected cells in the liver was based on the following extrapolations: 1 g of liver RNA represents 10 5 cells, and an infected cell must contain a minimum of 10 genome equivalents (GE; 2 negative strands and 8 positive strands). Thus, 10 4 GE/g represents infection of 1% of the cells present in the liver biopsy sample.
Genotypic analysis. Two different methods were used to determine the genotypes that emerged in chimpanzees receiving mixed inocula. In one assay, primers specific for each genotype were designed based on sequences obtained from the inocula. Reconstitution experiments indicated equivalent sensitivities for the different genotypes (Ͻ10 IU) and that genotypes 2, 3, and 4 could be detected simultaneously when genotype 1 was present at a 100-fold excess. In the second assay, universal primers (27) were used in nested PCRs that were conducted as multiple reactions with limiting dilutions of RNA. The product from each positive reaction was sequenced to determine the genotype. This method yielded ratios for the number of amplicons derived from each genotype.
RESULTS
Clearance of genotype 1 infection provides protective immunity to genotypes 1 to 4. In these studies, we rechallenged four chimpanzees that had previously cleared infection with HCV genotype 1 with inocula containing genotype 1, genotype 4, a mixture of genotypes 2 and 3, and a mixture of genotypes 1, 2, 3, and 4. Despite the fact that the inocula contained very high levels of virus (Ͼ4 logs more than the average chimpanzee infectious dose), in each case, viremia during the rechallenge infection was markedly reduced in magnitude and duration in comparison to the primary infection in the same animal (Fig. 1) .
Apparent sterilizing immunity following rechallenge with homologous inoculum. Chimpanzee 4x0271 was initially infected with 1.5 ϫ 10 7 GE of the H77 strain of genotype 1a. In the primary infection, viremia peaked at 10 6 GE/ml on week 4 and was cleared by week 8 (Fig. 1a) . In contrast, clearance of viral RNA from the liver did not occur until week 16 (data not shown). One year later, after rechallenge with the identical high-dose inoculum (1.5 ϫ 10 7 GE), viral RNA was undetectable in the serum and liver. Thus, this animal exhibited apparent sterilizing immunity. During rechallenge, no liver inflammation was observed as measured by increases in serum ALT levels. Although the ALT level increased to 182 IU/liter in the primary infection (the baseline ALT level was 23 IU/liter), no increase in ALT was observed following rechallenge. Clearance of genotype 1a provides immunity to genotypes 2 and 3. Next, a chimpanzee was rechallenged with a mixture of genotypes 2 and 3, since these genotypes are considered the most divergent from genotype 1 and are frequently observed in infected individuals. Chimpanzee 4x0362 was inoculated 2.5 years after clearance of genotype 1a (strain H77) with a mixture of genotypes 2b and 3a (5 ϫ 10 5 GE each). In the primary infection, viremia was cleared in week 11, while following rechallenge we observed a low-level viremia on weeks 2, 3, and 6 (Fig. 1b) . Peak viremia was 40-fold lower than the level during the primary infection. Genotypic analysis of serum samples from multiple time points revealed that only genotype 3 was detectable. To validate the results from our TaqMan reverse transcription (RT)-PCR assay and to ascertain that viral clearance had occurred, testing was confirmed by using the most sensitive assay available, a non-PCR, transcription-mediated amplification (TMA) assay (Procleix; sensitivity estimated at 3.7 IU/ml). With TMA, viremia was detectable to week 8 but at no other time out to 36 weeks. Viral RNA was detected in the liver in weeks 2 and 4 at a level estimated to represent infection of less than 1 in 6,000 cells based on the number of genome equivalents per microgram of liver RNA (see Materials and Methods). In addition, no increase in serum ALT levels was observed following rechallenge, while a peak ALT value of 120 IU/liter was observed during the primary infection of this animal.
Clearance of genotype 1a provides immunity to genotype 4. Since genotype 4 predominates in some countries such as Egypt (27), we also examined immunity to a genotype 4 inoculum. Chimpanzee 4x0363 cleared primary infection with genotype 1 at 22 weeks postinfection and was rechallenged 2.5 years later with genotype 4a (5 ϫ 10 5 GE). Viremia was intermittently positive by RT-PCR at weeks 1, 3, and 8. The TMA assay detected viremia at all time points between weeks 1 and 8 but at no later time points (Fig. 1c) . Peak viremia was 2.8 ϫ 10 6 GE/ml during primary infection and 8.3 ϫ 10 4 GE/ml upon rechallenge. The levels of hepatic viral RNA suggested that as few as 0.04% of hepatocytes were infected.
Immunity to a complex inoculum containing four genotypes. Chimpanzee 4x0326 cleared the primary infection with genotype 1a in 14 weeks and was rechallenged 4 years later with a high-dose inoculum containing 10 6 GE each of genotypes 1a, 2b, 3a, and 4a. We initially anticipated that the complexity of this inoculum would induce a persistent infection; however, the animal rapidly cleared a low-level viremia (peak viremia, 7.3 ϫ 10 2 GE/ml) after 2 weeks (Fig. 1d) . Even with the TMA assay, viremia was detected only at weeks 1, 2, and 3 but at no other time out to 48 weeks. Based on hepatic viral RNA levels, we estimated that as few as 1 in 25,000 cells were infected. Genotypic analysis of the serum from week 1 indicated that only genotypes 1 and 4 had replicated at detectable levels and that genotype 4 dominated genotype 1 at a ratio of 3 to 1. Since the genotype 1a was our chimpanzee-adapted H77 strain and was presumably highly fit for replication in chimpanzees, the data suggest that genotype 1 was subjected to greater immunological pressure. This outcome was anticipated, since the genotype 1 was homologous to the inoculum used in the primary infection. Remarkably, of the animals receiving a cross-genotype rechallenge, this animal received the highest dose of virus with the greatest sequence diversity and was rechallenged after the longest time interval following the primary infection and yet had the lowest level and shortest duration of viremia.
Apparent sterilizing immunity to genotype 4. Chimpanzee 4x0326 was rechallenged a second time with genotype 4 (5 ϫ 10 5 GE) 5 years after the primary infection with genotype 1 and 1 year after the rechallenge with genotypes 1 to 4 (Fig. 1d) . Upon reexposure to genotype 4, this animal exhibited apparent sterilizing immunity. No viremia was detected at any time by either RT-PCR or by TMA assay, and no viral RNA was detected in the liver (data not show). This result was not surprising, since this animal had previously cleared genotype 4. However, since it cleared viremia in 3 weeks and the level of viremia was very low, this experiment raises the question of whether the protection was conferred by prior exposure to genotype 4 or by a cross-reactive response to genotype 1.
Characterization of inocula in naïve chimpanzees. To demonstrate that the challenge viruses were capable of inducing a typical primary infection profile, we chose to examine the most divergent inocula in a naïve animal. We inoculated chimpanzee 4x0296 with the identical dose (5 ϫ 10 5 GE) of the genotype 3 inoculum utilized for the rechallenge of 4x0362 (Fig. 2a) . A rapid rise in viremia was noted in the first week, viremia peaked at week 10 at greater than 10 6 GE/ml, and viral clearance did not occur until week 14. Peak viremia was approximately 150-fold higher than that observed during rechallenge (1.1 ϫ 10 6 versus 7.4 ϫ 10 3 GE/ml) (Fig. 2a) . ALT values peaked at 113 IU/liter on week 12, while seroconversion for anti-HCV did not occur until week 18. Viral RNA levels in the liver were also dramatically increased during the primary infection (data not shown).
We further characterized the complex, four-genotype mixed inoculum by infecting a previously uninfected chimpanzee. The animal used in these studies (4x0295) was not entirely naïve for HCV antigens, having previously received four intrahepatic inoculations with synthetic HCV RNA derived from a noninfectious genotype 1a clone; however, no viremia was detected following these inoculations. Ten months after the final RNA inoculation, chimpanzee 4x0295 was challenged with the mixed inoculum containing genotypes 1, 2, 3, and 4. A typical primary infection profile was observed (Fig. 2b) . Analysis of the serum on week 1 revealed the presence of only genotypes 1 and 4, but unlike the result of the rechallenge of 4x0326, genotype 1 dominated genotype 4 at a ratio of 11 to 1, suggesting that genotype 1 was the most fit virus in the mixed inoculum when it was not under immunological pressure (as in animal 4x0326). The data from this animal suggest that high sequence complexity in the inoculum does not necessarily predispose to a chronic infection.
A subsequent rechallenge of this animal was performed 6 months after viral clearance by using the genotype 2-plus-3 inoculum employed with 4x0362, but in this instance, the inoculum contained 1 log less of our standardized genotype 1a inoculum to test whether genotype 1 would dominate the infection or perhaps alter the immunity to genotypes 2 and 3. Since genotypes 2 and 3 were not detectable during the primary infection of this animal, it was unlikely that immunity to these viruses had developed. Following rechallenge, a low level of viremia was detected at week 2 (Fig. 2b) . Genotypic analysis of the serum revealed that, as in the rechallenge of animal 4x0362, only genotype 3 could be detected. Clearly genotype 1 did not dominate the infection. The enhanced cross-genotype immunity observed in this animal in comparison to the result in animal 4x0362 may be due to the short time interval that had elapsed from clearance of the primary infection or to a prior but undetectable exposure to genotypes 2 and 3. Sterilizing immunity is associated with increases in hepatic ISG expression. We previously showed that levels of hepatic transcripts for a set of ISGs increased sharply following HCV infection (4) . Presumably due to the paracrine and autocrine amplification of the IFN response, these markers are more sensitive indicators of viral infection than RT-PCR for the viral RNA. Although viral RNA was suppressed below the level of detection in both the serum and liver when 4x0271 was rechallenged, within 1 week, a dramatic increase was observed in intrahepatic transcripts for ISG-12, ISG-15, and IP-10 (IFNinducible protein 10), and these changes returned to baseline by week 2 (Fig. 3) . We examined the changes in expression of these three ISGs in three additional animals, two from our previous studies on protective immunity to genotype 1 and animal 4x0362 (genotype 2-plus-3 rechallenge). Each animal experienced a rapid increase and decrease in ISG transcripts corresponding with the period of time that viral RNA was detectable in the liver.
Protective immunity is associated with increases in hepatic IFN-␥ transcripts. Next, we examined intrahepatic expression of proinflammatory cytokines in the liver as a marker of the immune response during rechallenge infections. TaqMan assays were used to quantify changes in hepatic gamma IFN (IFN-␥) transcripts. Most of the animals from our previous studies that were rechallenged with genotype 1 (4x0187, 4x0198, and 4x0361) exhibited increases of 18-to 45-fold in hepatic IFN-␥ transcripts following rechallenge (Fig. 4 ). An increase of 18-fold was also observed in the animal with apparent sterilizing immunity (4x0271). In cross-genotype rechallenges, increases in IFN-␥ transcripts were seen in chimpanzees 4x0326 (genotype 1 to 4; 6.8-fold) (Fig. 4) , 4x0362 (genotype 2 plus 3; 4.4-fold), and 4x0295 (genotype 1 plus 2 plus 3; 2.8-fold) but not 4x0363 (genotype 4). The failure to detect increases in IFN-␥ transcripts in some animals does not preclude a role for this cytokine in viral clearance; rather, the available samples may not have been optimal for detection of the increase or the increases may not be of sufficient magnitude to be detected over the baseline level expressed in the liver.
To demonstrate that the increase in IFN-␥ transcripts resulted in increased IFN-␥ expression and induction of IFN-␥ response genes, we determined the intrahepatic levels of Mig transcripts, a T-cell chemokine induced by IFN-␥. The kinetics for the increase in Mig transcripts exactly mimicked those of IFN-␥ (Fig. 4) . Similar to the amplification effect observed for ISGs, Mig transcripts were often elevated to a greater degree than IFN-␥ itself. We also examined the intrahepatic levels of tumor necrosis factor alpha transcripts. A fivefold increase was observed in a single animal (4x0361), while the remaining animals did not have significant increases in transcripts for this cytokine.
DISCUSSION
Although some success has been reported in chimpanzees by using recombinant protein vaccines containing the envelope proteins (7), development of a vaccine for HCV remains a major challenge due to the high sequence divergence (30%) among the six major genotypes, lack of a small-animal model for testing vaccine candidates, and the incomplete understanding of protective immunity. (Fig.  1b) induced a typical acute-resolving infection profile in a naïve chimpanzee (4x0296). A graph of the viremia that occurred during the rechallenge infection of 4x0362 is superimposed on a graph of the results for the primary infection of 4x0296 to contrast the differences in the levels and duration of viremia during primary and cross-genotype rechallenge infections. (b) The four-genotype mixture (genotypes 1 to 4) used to rechallenge chimpanzee 4x0326 (Fig. 1d) induced a typical acute-resolving HCV infection in a naïve chimpanzee (4x0295). Viremia for the primary infection with the mixed-genotype inoculum containing genotypes 1a, 2b, 3a, and 4a is illustrated. Six months following clearance of the primary infection, 4x0295 was rechallenged with a mixed inoculum containing genotypes 1, 2, and 3, and the viremia resulting from this infection is depicted. Inverted open triangles indicate time points for the rechallenge that were tested but were PCR negative.
up to 16 years after the primary infection, and that the protection is associated with a rapid, multiantigen memory T-cell proliferative response (3). Mehta et al. have also demonstrated that viral clearance in humans is associated with protection against chronic infection upon reexposure (24) . The present studies expand on these findings, showing remarkable crossgenotype immunity to multiple genotypes even when the challenge is performed with a complex multiple genotype mixture.
The results of this investigation were not anticipated. In prior studies of HCV and other chronic viral infections, singleamino-acid mutations were sufficient to eliminate protective immunity (9, 18, 35, 37) . Thus, we were surprised to detect a protective effect against an inoculum whose amino acid composition differed by more than 25% from the original infecting strain. This result can be explained in part by the breadth of the T-cell response in acute resolving and chronic infections. Chronic HCV infections are thought to be associated with a limited T-cell response that allows the emergence of T-cell escape variants (9, 18, 35) , while viral clearance is thought to be associated with a broad multiantigen T-cell response that prevents the emergence of escape variants (8, 14, 22, 31, 32) . The findings in this study indicate that effective memory responses can be generated to a wide array of HCV epitopes such that protection spans across the divergence seen in different genotypes. We were also surprised that a complex viral inoculum comprised of four different genotypes was rapidly cleared, since preliminary studies demonstrated an association between viral persistence and the complexity of the HCV quasispecies (11, 28) . Although the biological basis for these findings remains unknown, the results should encourage efforts to develop vaccines to prevent HCV persistence.
In these rechallenge studies, ideally each inoculum would have been put into several naïve chimpanzees to demonstrate its infectivity and to provide parallel clinical profiles. However, the limited availability and high cost of chimpanzees in research made this impossible. Fortunately, the primary infection of each of these animals was studied as the optimal control for each rechallenge. In addition, primary infections were characterized for the most divergent inoculum (the genotype 3 inoculum) and the most complex inoculum (the mixture containing genotypes 1 to 4). In addition, the magnitude of the differences observed between primary and rechallenge studies obviates concerns that factors other than the initial infection generated the apparent protective effect. Likewise, by exceeding the average chimpanzee infectious dose by four orders of magnitude, we ensured that each inoculum was infectious. A number of laboratories have demonstrated the direct antiviral effects of IFN-␣ (5, 12, 16, 21) and IFN-␥ (6, 13, 21) by using the HCV subgenomic replicon system, but at this time, the mechanism by which alpha/beta or gamma (type I or type II) IFN inhibits HCV replication is not understood. In our present experiments, no significant increases in IFN-␣ or IFN-␤ transcripts were observed; nonetheless, large increases in ISG transcripts were detected, findings that are consistent with previous microarray studies on primary infection with HCV (4). Increases in ISGs in the absence of detectable increases in type I IFNs are likely due to the potency of these cytokines and the amplification of the response when using ISGs as the downstream readout. We have hypothesized that the type I IFN response plays an important role in limiting viral replication and spread in the liver during primary infection until an adaptive immune response can eliminate infected cells (4, 19) . The importance of type I IFNs in the context of rechallenge infection may be less significant, since the memory T-cell response emerges early and results in low-level or undetectable viremia.
The results from replicon studies demonstrating that IFN-␥ has direct antiviral activity for HCV (6, 13, 21) , together with the results presented here, suggest that IFN-␥ may be an important mediator of T-cell function in viral clearance. Increases in hepatic IFN-␥ transcripts during viral clearance in primary infections have been observed (R. E. Lanford and C. Bigger, unpublished data), and here we demonstrated increases of over 40-fold during rechallenge infection. Others have noted increases in IFN-␥ expression by T cells and/or IFN-␥ transcripts in the liver during HCV primary or rechallenge infections and have speculated on their importance in viral clearance as well (23, 25, 29, 31) . We also demonstrated a concomitant increase in Mig transcripts. Analysis of Mig levels is an especially useful approach to demonstrating the biological activity resulting from the increase in IFN-␥ transcripts, since it is a T-cell chemokine that may be involved in clearance and an IFN-␥-inducible gene. Since viral clearance often occurs in the absence of an increase in the level of ALT during primary infection and none of the rechallenge animals experienced flares in ALT levels during viral clearance, it is possible that clearance is mediated by a noncytolytic mechanism that may be dependent on IFN-␥ and possibly other cytokines. Such a role for IFN-␥ in noncytolytic viral clearance has been demonstrated by Guidotti et al. in studies involving transgenic mice replicating HBV (15) . However, since the number of infected hepatocytes is low during rechallenge, viral clearance could occur by a cytolytic mechanism without a significant rise in the level of ALT. Clearance during primary infection also often occurs without a significant rise in the ALT level or when the rise in ALT does not correspond temporally with the drop in viral RNA levels. Still, the percentage of hepatocytes that are infected during acute infection may often be too low to give rise to a pronounced rise in the level of ALT if cytolytic clearance occurred over several weeks. One possibility is that both cytolytic and noncytolytic mechanisms are involved in viral clearance. Recent studies by Summers et al. (30) suggest the potential for a complex interplay between cytolytic and noncytolytic mechanisms in viral clearance in the woodchuck HBV model. The precise role of different cytokines in clearance of HCV RNA awaits further studies. A complete understanding of the mechanism of viral clearance is not required for the development of an efficacious vaccine, and the present studies provide encouragement that protection against all HCV genotypes should be possible with the appropriate vaccine.
